Background and Objective: To compare the effectiveness of antimicrobial photodynamic therapy (PDT), standard endodontic treatment and the combined treatment to eliminate bacterial biofilms present in infected root canals. Study Design/Materials and Methods: Ten singlerooted freshly extracted human teeth were inoculated with stable bioluminescent Gram-negative bacteria, Proteus mirabilis and Pseudomonas aeruginosa to form 3-day biofilms in prepared root canals. Bioluminescence imaging was used to serially quantify bacterial burdens. PDT employed a conjugate between polyethylenimine and chlorin(e6) as the photosensitizer (PS) and 660-nm diode laser light delivered into the root canal via a 200-m fiber, and this was compared and combined with standard endodontic treatment using mechanical debridement and antiseptic irrigation. Results: Endodontic therapy alone reduced bacterial bioluminescence by 90% while PDT alone reduced bioluminescence by 95%. The combination reduced bioluminescence by > 98%, and importantly the bacterial regrowth observed 24 hours after treatment was much less for the combination (P < 0.0005) than for either single treatment. Conclusions: Bioluminescence imaging is an efficient way to monitor endodontic therapy. Antimicrobial PDT may have a role to play in optimized endodontic therapy. Lasers Surg.
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INTRODUCTION
Bacterial infection plays an important role in the development of necrosis in the dental pulp and the formation of periapical lesions, therefore, the main goal of endodontic treatment is the elimination of bacterial infection and associated inflammation in the pulpal tissue and also the mechanical removal of damaged tissue found inside the root canal that acts as a growth medium for microbes [1] . Accepted treatment procedures to eliminate the infection include a combination of chemical cleaning involving irrigation with a disinfectant agent such as sodium hypochlorite or hydrogen peroxide, and mechanical treatment with files that debride the root canal and produce a shaping effect [2] , the application of an inter-appointment dressing containing an antimicrobial agent and finally sealing of the root canal [3] . The main causes of treatment failure are the presence of persistent microorganisms and the recontamination of the canal due to inadequate sealing [4, 5] . In the case of conventional endodontic treatment failure, retreatment, surgical endodontic treatment or extraction are carried out with the use of antibiotics and antiseptics as adjunctive therapies, but the long-term use of chemical antimicrobial agents, however, can be rendered ineffective by resistance developing in the target organisms [6] [7] [8] .
The long-term success rate of conventional endodontic treatment depends on several factors, such as the diverse and complex anatomy of the root canal system that comprises small canals additionally to the main canal, which do not allow direct access during the biomechanical preparation because of their positioning and also their diameters. In addition the antimicrobial susceptibility or resistance of the polymorphous microflora [9] , which includes anaerobic, facultative anaerobic and aerobic bacteria [10] may determine the outcome. In particularly, the probability of teeth with apical periodontitis to achieve a complete cure after a first treatment or retreatment is only 74-86% [11, 12] . In recent years novel antimicrobial approaches to disinfecting root canals have been proposed that include the use of high-power lasers [13] as well as photodynamic therapy (PDT) [14, 15] . High power lasers function by dose-dependent heat generation but, in addition to killing bacteria, they have the potential to cause collateral damage such as char dentine, ankylose roots, melt cementum, cause root resorption, and periradicular necrosis [16] . The chief difficulty faced in eliminating bacteria growth in root canals is the fact that they grow as biofilms [17] . A biofilm is a slime layer which naturally develops when bacteria attach to a solid support such as dentine and contains extracellular polysaccharide and other organic material that acts as a natural glue to immobilize the cells [18] . Bacterial biofilms are notoriously difficult to eradicate and show increased resistance to a wide range of antimicrobial compounds [19] .
PDT is a new antimicrobial strategy that involves the combination of a non-toxic PS and a harmless visible light source [20] . The excited PS reacts with molecular oxygen to produce highly reactive oxygen species, which induce injury and death of microorganisms [21, 22] . It has been established that PS which possess a pronounced cationic charge can rapidly bind and penetrate bacterial cells and therefore these compounds demonstrate a high degree of selectivity for killing microorganisms compared to host mammalian cells [23, 24] . PDT has been studied as a promising approach to eradicate oral pathogenic bacteria [25, 26] that cause endodontic diseases [27] [28] [29] , periodontitis [30] , peri-implantitis [31] and caries [32] . Some PS, such as toluidine blue and methylene blue have been tested in association with low-intensity red lasers to promote bactericidal effects in vivo [33, 34] .
Recently, a nondestructive method to study the efficacy of sequential antimicrobial therapy procedures both ex vivo and in vivo has been developed. This method uses real-time optical bioluminescence imaging using sensitive low light cameras to visualize and quantify photon emission from the bioluminescent reporter strain of a bioluminescent bacterium after it has been inoculated [35] . Bioluminescent bacteria have been successfully applied for real-time monitoring of infections [36] . Bioluminescence emission from the infected animal or growth substrate can be correlated with cell counts obtained using homogenization/extraction and conventional culturing methods. The primary advantage of this approach over alternative methods is that it provides real-time quantitative assessment of bacterial burden as opposed to qualitative assessment of bacterial load displaced onto paper points, swabs, extracted from part of the sample or visualized by electron microscopy. Moreover, bioluminescent bacteria can be quantified over sequential procedures without destroying the sample [37] . Our laboratory has employed bioluminescent imaging as a convenient means to monitor the effectiveness of antimicrobial PDT in animal models of infections caused by several bioluminescent pathogens [38] . This methodology has been demonstrated in mouse models of infected wounds [39, 40] burns [41] and abscesses [42] using both Gram-positive and Gram-negative bacteria.
In the present study we report on endodontic PDT using a recently reported [43] PS consisting of a covalent conjugate between the polycationic polymer polyethylenimine and the PS chlorin(e6) that is highly effective in killing Gram-negative bacteria after illumination with red light. PDT alone, standard endodontic treatment alone and the combination of both treatments were compared on 3-day biofilms formed by two bioluminescent Gram-negative species in root canals of freshly extracted human singlerooted teeth.
MATERIALS AND METHODS

Root Canals
Ten freshly extracted human single-rooted teeth (upper central incisors and upper canines), with straight canals confirmed by radiographic examination, and extracted for periodontal reasons, were collected and stored in sterile saline until employed in the experiment. The crowns were removed using a diamond disc, and the roots were shortened to a length of approximately 13 mm. The canals were enlarged to an apical size of #30 using Kerr files (Maillefer Instruments SA, Switzerland) and cleaned with 10 ml of 2.5% sodium hypochlorite solution between each endodontic file. The external root surfaces were sealed with two layers of nail polish to avoid environmental contamination. The apical foramen was subsequently closed with composite material (Filtek Z 250, 3M, Brazil). The root canals were irrigated with 17% EDTA for 2 minutes followed by irrigation with PBS solution to remove the smear layer [44] . Prior to inoculation, the specimens were sterilized by autoclaving for 15 minutes at 1218C.
Bacterial Strain and Growth Conditions
Pseudomonas aeruginosa (XEN5) and Proteus mirabilis (XEN44) that had been engineered to be stably bioluminescent by transformation with a transposon containing the entire Photorhabdus luminescens lux operon [45] were a kind gift from Xenogen Corp. (Alameda, CA).
Bacteria were grown in brain heart infusion (BHI) broth at 378C with shaking (150 rpm) to form a stationary growth phase suspension of 1Â10 9 cells/ml. Ten microliters of this suspension was added into each root canal and each tooth was placed inside a 1.5-ml microcentrifuge tube that was subsequently sealed and kept upright and incubated for 72 hours at 378C with shaking to allow biofilm formation. After 72 hours bioluminescence imaging of each tooth inside its transparent microcentrifuge tube was carried out with a low-light intensified camera (Hamamatsu Photonics KK, Bridgewater, NJ). The use of this imaging system has been described in detail [39] . Briefly bioluminescence signal was accumulated for 2 minutes at 35 sensitivity level and a maximum setting on the image intensifier control module. Using ARGUS software the luminescence image was presented as a false-color image superimposed on top of the grayscale reference image. The imageprocessing component of the software gave mean pixel values from the luminescence images on defined areas covering each tooth on a 256-grayscale. For comparisons of bioluminescence images the same bit-range was used for all the images. These images served to confirm the level of infection and to obtain the initial signal from the bacteria inside the root canal.
Photosensitizer (PS)
The PS used was a conjugate between polyethylenimine (PEI) and chlorin(e6) and the synthesis and characterization has been previously described in detail [43] . Briefly, high molecular weight branched PEI (MWt ¼ 10,000-25,000, Aldrich Chemical Catalog # 40,872-7, Milwaukee, MI) was reacted with ce6 (Porphyrin Products, Logan, UT) in the presence of 1-ethyl-3-(3-dimethylaminopropyl)-carbodiimide hydrochloride (Sigma, St. Louis, MO). The conjugate was purified by size exclusion chromatography and characterized by HPLC on a diol column. The conjugate had an average substitution ratio of 1 ce6 per PEI chain and a partial representation of its structural formula is given in Figure 1 .
In Vitro Experiments
Suspensions of P. aeruginosa in stationary phase were diluted in PBS to a cell density of 10 8 per ml, and 1 ml aliquots were added to wells of a 24-well plate and the relative light unit values were read in a luminescence platereader (MicroBeta Trilux 1450, PerkinElmer Life And Analytical Sciences, Inc., Wellesley, MA) followed by removal of 10 ml aliquots for serial dilution and streaking on square BHI agar plates for colony forming units (CFUs) enumeration according to the method of Jett et al. [46] . Bacteria were incubated with 10 mM PEI-ce6 for 10 minutes followed by illumination with 660-nm light from a diode laser (MMOptics, Sã o Paulo, Brazil) for defined times corresponding to the delivery of 5, 10, 20, and 40 J/cm 2 . At each stage the luminescence values and CFUs were measured. Survival fractions were determined from the CFUs in the initial innoculum and compared with the fraction of bioluminescence remaining.
Endodontic PDT
Four different treatments or combinations were performed in the ten root canals and before each treatment all the teeth were sterilized by autoclaving and recontaminated for 72 hours, using the same method described above.
The reuse of root canals for infection studies after careful sterilization has been previously reported. 54 To perform PDT, any liquid inside the root canal was removed with a pipette and the canals were filled with 10 ml of a 10 mM solution of PEI-ce6 and allowed to incubate for 10 minutes followed by a second bioluminescence imaging to quantify any dark toxicity of the PS. Thereafter, the illumination was performed with a 200-mm diameter fiber-coupled diode laser. The laser delivered 660-nm light at a total power of 40 mW out of the fiber. The fiber was initially placed in the apical portion (bottom) of the root canal and spiral movements, from apical to cervical, were manually performed to ensure even diffusion of the light inside the canal lumen [47] . These movements were repeated approximately ten times per minute and a final bioluminescence image was captured.
Conventional Endodontic Treatment
Conventional endodontic treatment was administered by abrading the interior of the canals using a sequence of three endodontic Kerr files, #30, #35, and #40 (Maillefer Instruments). The canals were irrigated with 10 ml of 2.5% sodium hypochlorite followed by 10 ml of 3% hydrogen peroxide solution between each file using a 28-gauge needle and syringe. To prevent external contamination of the root surface by overflowing irrigant, the teeth were held inverted during the irrigation stage. Bioluminescence imaging was performed once after completion of the procedure.
Combination of Endodontic Treatment and PDT
Endodontic treatment was performed as described above followed by bioluminescence imaging and then PDT was then performed as described with bioluminescence imaging at each stage.
Twenty-four hours regrowth studies. The treated root canals (all groups) after the final image had been captured had any liquid inside the root canals removed and replaced with 10-ml fresh sterile BHI broth. The teeth were then placed inside microcentrifuge tubes as described and returned to the incubator at 378C for a further 24 hours to evaluate the amount of bacterial regrowth. A group of teeth containing 3-day biofilms were left without any kind of treatment and given 10-ml fresh BHI and returned to the incubator for 24 hours regrowth as a control group.
Statistics
Values are given as means and error bars are standard errors. Statistical comparisons between means were performed with one-way ANOVA using Microsoft Excel.
RESULTS
In Vitro Antimicrobial PDT of Bioluminescent Bacteria
In order to use bioluminescence imaging as a surrogate marker of bacterial burden or bacterial viability it is necessary to be able to correlate the strength of the luminescence signal emitted from the bacterial cells with number of CFU. The loss of viability curves as measured by CFU and by loss of luminescence, as a function of light-dose, for bacteria incubated with 10-mM PEI-ce6 conjugate for 10 minutes are shown in Figure 2 . Loss of luminescence showed the same dose-response curve shape as loss of CFU but the absolute reductions were 2 logs less. The reasons for this discrepancy are likely to be twofold. The limits of sensitivity of the luminescence assay with the plate reader is a 3-log reduction in signal, while the CFU assay can measure a 6-log reduction in viability. Secondly it appears that the cytotoxic insult to the bacteria causes loss of viability more readily than loss of luminescence. The mechanism by which luminescence decreases after photodynamic inactivation (PDI) is uncertain, but may be due to exhaustion or loss of the luciferase substrate decanal, the loss of the energy source (reduced flavin mononucleotide) or to photochemical damage to the luciferin enzyme. Nevertheless the data shows that measured reductions in luminescence are likely if anything to underestimate the actual extent of bacterial killing in the root canals.
Development of Root-canal Infection Model
The addition of 10-ml of a suspension containing 10 8 cells of either P. aeruginosa or P. mirabilis into the root canal followed by 3 days incubation at 378C reliably and reproducibly produced bioluminescent biofilms that could be imaged through the width of the tooth material. There were minor variations from tooth to tooth in the pattern of the luminescence detected (see panels A, C, F, and J in Figure 3 for examples of P. aeruginosa biofilms), that were probably due to differences in the geometry of the individual root canal systems. The presence of a microbial biofilm rather than planktonic bacteria was demonstrated by the failure of irrigation with saline to significantly diminish the luminescence signal (data not shown). The bioluminescence signals were remarkable similar regardless of whether P. aeruginosa or P. mirabilis was used to form the biofilm. Since the levels of light emission from cell suspensions are also similar for these two species, this implies that the bacterial burdens inside the root canals were similar for these two bacterial species.
Conventional Endodontic Treatment
The overlaid bioluminescence images of a representative tooth infected with P. aeruginosa 3-day biofilm before treatment, after abrasion and disinfection as described in Materials and Methods and after 24 hours regrowth are shown in Figure 3 (panels C-E). Although endodontic therapy reduced the bioluminescence signal by approximately 90% in most teeth, the signal tended to recur strongly after 24 hours regrowth.
Root Canal PDT
Preliminary experiments were carried out by illuminating the inside of the root canal in two teeth incubated with PS as described in Materials and Methods, for periods of 1, 2, 3, and 4 minutes and measuring the bioluminescence signal after each minute of illumination (2.4 J/minute). There was a fluence-dependent reduction in bioluminescence until a fluence of 9.6 J/cm 2 (4 minutes) was reached when further light delivery ceased to have a noticeable effect (data not shown) and this fluence was chosen for the PDT experiments. The overlaid bioluminescence images of a representative tooth infected with P. aeruginosa 3-day biofilm before treatment, after 10 minutes incubation with PEI-ce6, after delivery of 9.6 J, 660-nm light and after 24 hours regrowth are shown in Figure 3 (panels F-I) . There was only a slight reduction in bioluminescence signal after 10 minutes duration of contact of the PS solution with the bacteria in the root canal biofilm in the absence of light, while after light was delivered the reduction in signal was dramatic. The bioluminescence signal did recur after 24 hours regrowth, and although in the example shown this was less than in the case of endodontic therapy, this was not always the case.
Combination Treatment
We then asked whether the bacterial burden could be further reduced by carrying out root canal PDT after traditional endodontic therapy. The overlaid bioluminescence images of a representative tooth infected with P. aeruginosa 3-day biofilm before treatment, after endodontic therapy, after PDT (PEI-ce6 and 9.6 J, 660-nm light) and after delivery of 9.6 J, 660-nm light are shown in Figure 3 (panels J-M). The endodontic treatment again reduced the bioluminescence by 90% and the PDT that followed reduced the bioluminescence even further. Interestingly (and somewhat unexpectedly) the amount of regrowth seen after 24 hours was much less than that seen with either treatment alone. Fig. 2 . Comparative loss of bacterial viability as measured by survival fraction calculated from CFU on agar plates and by fraction of bioluminescence signal remaining after PDT using 660-nm light of a P. aeruginosa suspension incubated with 10 mM PEI-ce6 for 10 minutes in vitro.
Statistical Comparisons
The mean and SEM values of bioluminescence from ten infected teeth per group subjected to the four treatments are shown in Figure 4A (P. aeruginosa) and B (P. mirabilis). It is remarkable how similar the results were for the two bacterial species. Endodontic treatment alone reduced bioluminescence from both bacteria by > 90% (P < 0.0001) while PDT alone reduced bioluminescence by > 95% (P < 0.0001). The combination of treatments reduced bioluminescence by almost 99% (P < 0.00001). The p values for comparisons of the various treatments are given in Table 1 . For P. mirabilis, PDT was significantly better than endodontic treatment (P ¼ 0.035) but there was no significant difference for P. aeruginosa. The combination was significantly better than endodontic treatment alone (P ¼ 0.0011 for P. mirabilis and P ¼ 0.023 for P. mirabilis) but there was no significant difference compared to PDT alone for either bacterium. After 24 hours of regrowth all the root canals showed some evidence of recontamination. Single treatments showed significantly less regrowth than controls (P ¼ 0.002-0.0001) and PDT was significantly better (P < 0.0001) than endodontic treatment in the case of P. aeruginosa. The root canals that received the combination of endodontic treatment and PDT had significantly less contamination after 24 hours compared to control and compared to either single treatment (P < 0.0001) for both bacterial species. 
DISCUSSION
The aim of this study was to develop a real-time method using bioluminescent bacteria and a low-light imaging camera to evaluate the antimicrobial effects of root canal treatment. Quantitative comparisons were made between the effects of conventional endodontic treatment, root canal PDT or the combination of these treatments on Gramnegative bacterial biofilms and the subsequent regrowth 24 hours later.
P. aeruginosa and P. mirabilis were selected for this investigation based on strong bioluminescence activity and propensity to form biofilms. There are reports of P. mirabilis [48] and P. aeruginosa [49] being isolated as endodontic infectious agents. Their morphology (Gramnegative rods 2-3 mm in length) is highly similar to other Gram-negative rods commonly found in endodontic infections [50] . In addition to the classification of the bacteria, their ability to grow as biofilms seems to be an important determinant of bacterial resistance to antimicrobial therapies as well as endodontic virulence [17] . In this work, the cells were grown for 72 hours to allow biofilm formation, which is expected to increase the difficulty of the antimicrobial challenge to more closely approach real life situations.
Because the bioluminescence imaging method is noninvasive, the comparative evaluation of more than one procedure was possible. Sequential images could be obtained for each tooth and this allows statistical analysis with low amounts of inter-sample variation (Fig. 4A,B) . The method provides an alternative to traditional in vitro culture methods using paper point sampling and quantitative culture, and further supports previous reports about the difficulties of completely removing bacteria from root canals. Sedgley et al. [51] developed a bioluminescent model of root canal infection using Pseudomonas fluorescens 5RL which is a strain containing a lux CDABE plasmid that is inducible with salicylate. They determined the correlation between bioluminescent signal and extracted CFUs. This group went on to use this model to study the effect of varying the needle depth during endodontic irrigation [52] .
In conventional endodontic treatment of infected root canals, reducing the bacterial count is accomplished by a Combination versus PDT n.s.
<0.0001
Performed using one-way ANOVA in Microsoft Excel. n.s., not significant. combination of mechanical instrumentation, various irrigation solutions, and antimicrobial medicaments or dressings placed into the canal. In the present study all the treatments tested were effective in reducing bacterial bioluminescence inside the root canals. PDT alone was more efficient in killing the bacteria than the endodontic treatment alone, although the levels of recontamination or regrowth after 24 hours did not show significant differences between the treatments but both were less than no treatment controls. Our results clearly demonstrated that the combination of both treatments was more effective than either treatment alone in reducing the bacterial bioluminescence signal at the end of the treatment, and more importantly, the combination was very much more effective in reducing the level of bacterial regrowth after 24 hours. The fact that very similar results were obtained with two different bacterial species adds a further level of confidence in the result obtained. Seal et al. [15] and Lee et al. [14] have reported results using PDT in root canal treatments; both the authors have used phenothiazinium-based PS and low intensity red lasers against Gram-positive bacteria, but did not use an optical fiber to access the root canal lumen. Seal et al. [15] found that 3% sodium hypochlorite irrigation killed more Streptococcus intermedians in the endodontic biofilms than PDT with 100 mg/ml toluidine blue and 21 J of 632-nm laser light.
In conclusion our results suggest that the use of PDT as an adjuvant to the conventional endodontic treatment leads to a statistically significant further reduction of bacterial load (P<0.05) and in particular reduces the amount of bacterial regrowth after 24 hours compared to either treatment alone (P<0.0001). Further studies are required to determine the exact scope of PDT in endodontic therapy, in particular studying more clinically relevant organisms such as Enterococcus faecalis. It should be noted that we have previously shown in vitro that E. faecalis is 100-1,000 times more sensitive to PDT mediated killing compared with Gram-negative species such as P. aeruginosa [53] .
